Numerical simulation of sonic logging-while-drilling (LWD) borehole measurements is challenging because of significant wave propagation effects due to the massive drilling collar occupying a large portion of the borehole. In addition, the internal structure of the LWD tool can have a significant impact on the measured dispersions of Stoneley and quadrupole modes. The collar is typically constructed with a set of inner periodic grooves, which act as a mechanical filter to attenuate undesirable collar modes. Reliable numerical simulation and interpretation of LWD sonic waveforms requires that all features and dimensions of the drilling collar be included in the simulation model. Furthermore, the presence of the drilling collar can prompt numerical instabilities due to backward propagating modes in the perfectly matched layer (PML) commonly used to truncate the computational domain. This problem can be circumvented with the implementation of artificial viscoelastic attenuation in the collar whenever the simulations are intended to reproduce only wave propagation within the surrounding rock formations. In addition, reliable modeling of borehole wave propagation in the presence of high contrasts in material properties and the internal structure of the LWD collar requires a numerical method capable of accurately and stably resolving all spectral scales present in the model. We implemented an automatic hp-adaptive finite-element method in the frequency domain combined with a PML technique to simulate LWD sonic logging measurements. Examples of the application verified the accuracy and reliability of the simulated borehole and formation propagation modes in the presence of casing and internal structures in the LWD collar. The presence of steel casing and quality of casing/formation bond significantly influence the propagation modes excited in a borehole. However, it is still possible to estimate the formation shear slowness using monopole and quadrupole sources regardless of the quality of cement bond in fast formations. Assessment of the formation compressional slowness was significantly impeded by the strong pipe mode. Estimation of formation shear slowness in slow formations is practically impossible due to the presence of casing and a strong annulus mode when the quality of casing bond is poor.
INTRODUCTION
Sonic logging-while-drilling (LWD) technology has gained considerable importance in the oil industry. It is widely used to measure in situ elastic properties of rock formations surrounding a drilled borehole, to navigate the well, and to improve exposure to hydrocarbon-saturated zones. Additional benefits of LWD technology include the possibility of quantifying elastic properties with minimal invasion effects. Identification of waves excited in the borehole, including head waves, Stoneley, and quadrupole modes, enables the estimation of formation properties such as compressional (P-) and shear (S-) velocities, and anisotropy.
Feasibility studies of sonic LWD measurements date back to the late 1980s, with the first LWD logging instruments emerging in the beginning of the 1990s. The first generation of acoustic LWD logging tools successfully measured the P-wave velocity of formations penetrated by the well (Aron et al., 1994 (Aron et al., , 1997 Minear et al., 1995) . These tools also enabled the estimation of S-wave slowness in fast formations by detecting and quantifying the refracted shear head wave (Heysse et al., 1996; Minear, 1996; Joyce et al., 2001) . Assessment of S-wave velocity in slow formations was more technically challenging. The second generation of LWD sonic logging instruments attempted to excite flexural modes (Varsamis et al., 1999; Althoff et al., 2000; Leggett et al., 2001 ) for assessment of S-wave velocity. However, the successful solution to this problem came with next-generation tools operating with quadrupole modes, which propagate at lower frequencies with the formation's shear slowness (Tang et al., 2002a (Tang et al., , 2002b (Tang et al., , 2006 Dubinsky et al., 2003) . The reason for this behavior is that the collar quadrupole mode, which arises only at higher frequencies, does not contaminate the formation quadrupole mode.
LWD sonic technology is more challenging than open-hole sonic measurement systems. The presence of a massive drill collar occupying a large part of the borehole substantially affects wave propagation, thereby disturbing the dispersive characteristics of excited modes. Any numerical simulation method of sonic LWD measurements must include a realistic model of the drill collar. Moreover, the excited strong direct collar mode undesirably interferes with the formation compressional mode, a condition that is especially noticeable in fast formations. Shorter transmitter-receiver offsets (in comparison to wireline tools) result in shorter separation between acoustic modes present in waveforms, which additionally hampers P-wave detection and quantification. The design of an efficient acoustic isolator is of ultimate importance. Additionally, the unavoidable presence of drilling (typically 0-3 kHz) and mud circulation noise (1-2 kHz) associated with the collar (Joyce et al., 2001) makes it difficult to extract high-quality values of shear slowness, especially in slow formations. Another difficulty originates from tool eccentralization when drilling along a nonvertical trajectory, which results in the excitation of lower and higher order modes (with respect to the order of the acoustic source). These additional modes can interfere with primary modes to the point of affecting the reliable assessment of relevant elastic formation properties.
Accurate and reliable numerical algorithms are needed to detect and quantify all physical phenomena related to wave propagation in complex LWD environments, as well as to enable modeling of the structure of the LWD collar (e.g., the acoustic isolator). The complexity of the model (in terms of geometry and high contrasts in material properties) motivates the development of more sophisticated numerical methods that can capture all physical aspects of the wave phenomena involved, including those originating from the borehole environment.
Numerical modeling of wave propagation phenomena in the presence of an LWD logging instrument began with 1D semianalytical methods. Tang et al. (2002b) and Tang and Cheng (2004) apply a real-axis integration method to calculate frequency dispersion curves and waveforms excited by multipole sources. Haugland (2004a Haugland ( , 2004b extends this approach to a 2.5D semianalytical model enabling the quantitative investigation of collar borehole eccentricity on the excited propagation modes. At the same time, Wang and Tang (2003a , 2003b , 2003c ) applied 2D and 3D finite-difference time-domain (FDTD) methods combined with a nonsplitting perfectly matched layer (PML) technique to model LWD sonic waveforms. Huang (2003) investigates LWD collar eccentricity effects using the 2.5D FDTD method. and explore the same problem in the frequency domain using the finite-element method (FEM); however, the authors implemented infinite elements to truncate the computational domain. Matuszyk et al. (2010) apply an axisymmetric automatic hp-adaptive FEM in the frequency domain combined with a PML technique to simulate LWD sonic waveforms. This method was subsequently extended to a 2.5D Fourier FEM to investigate tool eccentricity effects (Pardo et al., 2011 on sonic waveforms. Wang et al. (2012) develop a full 3D FEM model in the frequency domain combined with a complex frequency-shifted PML (CFS-PML) to analyze LWD sonic waveforms acquired in deviated and horizontal wells.
The effect of a casing on wave propagation phenomena in boreholes was first investigated for the case of centered monopole sources (Schoenberg et al., 1981; Tubman, 1984; Tubman et al., 1984 Tubman et al., , 1986 Schmitt and Bouchon, 1985) . Schmitt (1988 Schmitt ( , 1993 studies casing effects on waveforms excited by centered and eccentered dipole acoustic sources. Simulation results were obtained for the case of a fluid-filled borehole without a logging instrument inside. For the first time, Market et al. (2004) consider the effect of a steel casing on LWD sonic waveforms.
The design of an efficient and durable acoustic isolator usually requires numerical modeling in two and three dimensions. Tang et al. (2007) and Kinoshita et al. (2010) report the successful application of numerical modeling of LWD isolators; however, no details were provided about the properties of the isolator. Yang et al. (2009) use 3D FDTD and PML methods to estimate attenuation properties of three types of periodic-groove structures. Yan et al. (2010) investigate the effect of axisymmetric groove geometries on the attenuation of the collar mode using 2D FEM and a combination of viscous-spring boundary elements and impedance boundary conditions. Su et al. (2011) document an optimal acoustic isolator based on numerous numerical experiments performed with the 3D FDTD method on a nonuniform staggered meshes.
It is worth mentioning that almost all numerical algorithms used to model borehole acoustic wave propagation in two and three dimensions use some specific version of the PML (Bérenger, 1994) to truncate the computational domain. This choice is due to the PML's high efficiency, relatively easy implementation, and ability to design an absorbing layer for coupled multiphysics problems. An instructive survey of PML variants applied to the FDTD method can be found in Wang et al. (2011) . However, none of the published papers makes explicit reference to the unavoidable PML numerical instability that occurs when modeling a standard size LWD tool (e.g., . This paper is a continuation of the work reported in Matuszyk et al. (2010 and Matuszyk and Torres-Verdín (2011) . We undertake the simulation of LWD sonic measurements in complex borehole environments using a frequency-domain algorithm (Matuszyk et al., 2012) . The method is ideally suited to solve boundary layers that arise from the use of PMLs, as well as to approximate accurately the solution at singular points arising in complex geometries and in the presence of high contrasts of material properties. It enables control of the dispersion error and allows a significant reduction in the number of grid elements (and degrees of freedom) in regions in which the solution is smooth. For the class of problems considered in this paper, the hp-adaptive FEM is more efficient and accurate than alternative FDTD methods.
The frequency-domain approach ensures stability and high accuracy across all frequencies. It does not lead to reduction of physical interactions valid only in the low-frequency limit (Dupuy et al., 2011) . This feature is especially important when the modeled problem contains a substantial high-frequency spectrum. By comparison, the low-order FDTD method, using only one (fine enough) mesh for all time steps, often cannot resolve all the spectral scales present in the model. Additionally, the frequency-domain method can use separate meshes for each frequency: Finer meshes are required merely for solving the problem at high frequencies, whereas reliable simulations at low frequencies require much coarser meshes. Designing one single mesh that captures all critical aspects of the solution across a wide frequency band is practically impossible. Moreover, mesh adaptation ensures that all physically important phenomena present at a particular discrete frequency be automatically resolved and taken into account, with minimal error contribution to the complete solution. Those factors result in savings of computational resources while delivering the highest possible accuracy. Frequency-domain methods decouple the problem into a set of independent subproblems (one per discrete frequency). The complete problem can be solved simultaneously on a parallel machine faster than in the time domain, and there is no need for cumbersome time-stepping control to ensure stability. Finally, frequency-domain simulation methods are ideal for implementation of frequency-dependent rock attenuation in the calculation of waveforms.
Results obtained with the frequency-domain method can be interpreted as a borehole-formation response to monochromatic source excitation, and they carry valuable information about the frequency characteristic of the system. Such information cannot be obtained from time-domain solutions without invoking cumbersome deconvolution procedures. Time-domain waveforms are obtained by multiplication of the system response spectrum by the acoustic source spectrum (Ricker wavelet, chirp signal, etc.) in the frequency domain followed by the calculation of the inverse Fourier transform at negligible additional computational cost.
In what follows, we describe the mathematical formulation and numerical implementation of the problem of interest. We examine nontrivial examples of modeling LWD sonic logging measurements to verify the performance and reliability of the numerical simulation approach.
FORMULATION AND NUMERICAL METHOD
We assume axial symmetry about the center of the borehole, allowing for arbitrary variations of material properties in the radial and axial directions. The interior part of the spatial domain is typically composed of several concentric layers to model the mandrel, borehole fluid, casing, cement, etc. Within the formation, one defines horizontal layers which, in turn, can be further divided into rectangular blocks. Thus, one can model either simple homogeneous formations or layered heterogeneous formations that include local alteration zones, fluid-filled fractures, invasion, etc. Each subdomain can be modeled either as a (visco-) acoustic fluid (Ω A ) or as an isotropic or transversely isotropic (an) elastic solid (Ω E ). The weak form (FE formulation) of the coupled problem reads as follows:
Find ðp; uÞ such that for all q and all w ðÃ∇p; ∇qÞ Ω A − ðk 2 fJ p;
where p and u are the unknown acoustic pressure in the fluid and displacement in the elastic solid, respectively; q and w are test functions; k f is the wavenumber in the fluid; ρ f and ρ s are densities of the fluid and solid, respectively; ω is the angular frequency; ε is the linear strain tensor;C is the fourth-order PML-stretched elastic tensor;J is the PML-stretched Jacobian, g ex is the excitation data; and n f and n s are the outgoing normal unit vectors defined in the acoustic (fluid) and elastic (solid) domains, respectively. Parentheses denote L 2 inner products (integrals) defined in the acoustic or elastic domains, and angle brackets denote duality pairings (surface integrals) on appropriate boundaries. The two boundary integrals defined on Γ I express the weak coupling occurring between acoustic and elastic domains. A detailed description of the weak formulation invoked herein can be found in Matuszyk et al. (2012) . The formulation also includes a PML to impose radiation (Sommerfeld) conditions, thereby enabling a finite truncation of the computational domain. We introduce the PML into the weak form given by equation 1 and following the method developed by Matuszyk and Demkowicz (2013) , namely, by introduction of the stretching JacobianJ ¼ detðJÞ and matrixÃ ¼JJ −1J−T , where the complex coordinate stretching JacobianJ and its determinant are given bỹ
whererðrÞ andzðzÞ are any suitable analytical continuations of realvalued radial and axial coordinates into the complex domain, e β are standard unit vectors in cylindrical coordinates, and prime denotes the derivative with respect to the function's argument. Having defined the JacobianJ, we transform the classical elastic tensor into its PML-stretched counterpart as
The exponential decay of the solution in the absorbing layer justifies the use of homogeneous Dirichlet boundary conditions at the outermost boundary of the PML. Viscoacoustic and anelastic damping is introduced into the formulation through the Aki-Richards model (Aki and Richards, 2002) , in which we invoke complex-domain velocities according to the equation
with c being complex-valued velocity,
, c 0 is a reference velocity at angular frequency ω 0 , and Q is an appropriate quality factor. Quantities defining the solid (Lamé parameters or five components of the compliance tensor C for transversely isotropic materials) are defined through characteristic wave velocities in the solid, whereby they become complex-valued.
The coupled systems given by equation 1 are solved using a multiphysics automatic hp-adaptive FE algorithm described in detail in previous publications (Matuszyk et al., 2012 . In short, the method uses iteratively two grids: a coarse mesh and a fine mesh that is obtained from the coarse one by performing global hp-refinement; namely, each finite element is broken into four elements (hrefinement), and the order of interpolation is uniformly increased by one over the mesh (p-refinement). The difference between the coarse and fine grid solutions, measured with the problem-induced energy norms, normalized with respect to the fine grid solution norm, can be interpreted as the relative error over the coarse grid.
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We use that relative error to guide optimal refinements to construct the next optimal coarse grid. This new optimal coarse grid is defined as the one among all the grids embedded in the fine one that maximizes the rate of decrease of relative error divided by the number of added degrees of freedom. The constructed optimal grid is then used as the starting coarse grid in the next hp-adaptive iteration; the algorithm comes to an end when the prescribed tolerance is achieved for the global relative error. We use the same PML parameterization as described in . In all the models considered in the paper, we halt the calculations when the relative error on the coarse mesh falls below 0.5%. After that, we perform a global hprefinement step and solve the final problem on the fine mesh, where the relative error is expected to be below 0.1%.
NUMERICAL SIMULATIONS
The calculations for all the examples documented in this paper were performed on the LONESTAR and STAMPEDE clusters available at the Texas Advanced Computing Center (TACC).
LWD logging through casing
In the first example, we investigate the influence of well-and poorly bonded casing on waveforms and frequency dispersion curves simulated with an LWD logging instrument assuming either a monopole or a quadrupole acoustic source. Both sources are excited with a Ricker wavelet, operating at 10 kHz for the former and 2, 4, 6, and 8 kHz for the latter source, respectively. The geometry of the problem is described in Figure 1 and Table 1 , and the associated mechanical parameters are given in Table 2 .
In all simulations, we assume a steel mandrel with artificial attenuation Q P ¼ 50 and Q S ¼ 25 for the P-and S-waves, respectively, to remove the instability in the PML absorbing layer. The latter instability is caused by the presence of a collar back-propagating mode (a mode having negative phase velocity and positive group velocity), which is exponentially amplified in the PML layer, in contrast to forward-propagating modes, which are dampened in the PML layer. Artificial attenuation in the collar causes the backpropagating mode (and other collar modes as well) to be significantly smaller in amplitude and, therefore, transparent to the PML absorbing layer due to limited numerical accuracy and round-off errors. We discuss this technical problem in detail in a separate publication ). The two concentric layers L1 and L2 can be water or cement. Table 1 . Geometric parameters (as defined in Figure 1 ) assumed when modeling LWD logging measurements in steel-cased boreholes: (O1/O2) noncased borehole, (C) well-bonded casing, (B1-B4) poorly bonded (partially bonded) casing, and (FP) unbonded casing ("free-pipe" situation). Configuration in 0.5 cm steps for 9.7 < r < 13.2 cm: (▪) formation, (□) fluid, (⊠) casing, ( ⊟ ) cement. R A and R B denote the radii of the cased and noncased borehole, respectively; h p is the thickness of the casing; and r in and r out are the inner and outer radii of the particular concentric layer.
Case name Borehole Pipe Cement Fluid annulus Configuration We compare cases with a well-bonded casing (C), where the cement layer between the steel pipe and the formation is modeled as an elastic (Q P ¼ Q S ¼ ∞) material and with a poorly bonded casing, where an additional fluid annulus is located between the cement layer and the formation. In the latter case, we consider three different thicknesses of fluid annulus: 0.5 cm (B1 and B3), 1 cm (B2 and B4), and 1.5 cm (FP), while keeping the distance between the steel pipe and the formation equal to 1.5 cm. We consider the case of a free pipe, in which there is no pipe-cement bonding but a good cement-formation bond (cases B3 and B4), as well as an unbonded casing, in which the opposite situation takes place (cases B1 and B2). Each of the above settings introduces different amounts of attenuation into the model and affects formation modes in dissimilar ways. Additionally, we consider two reference cases with a borehole without casing, which differs by the thickness of the borehole fluid annulus between the collar and the formation (O1 and O2). The borehole fluid and annulus fluid are water. Figure 2 shows waveforms simulated with a 10 kHz monopole source obtained for different LWD logging cases. The corresponding dispersion curves are plotted in Figure 3 . We first observe that when the borehole fluid annulus decreases (all but the O2 case), the amplitude of the Stoneley mode increases for fast and slow formations. Accordingly, the pseudo-Rayleigh mode is shifted toward higher frequencies in a fast formation with noncased (O1) and wellbonded (C) cases.
For all poorly bonded cases, simulated waveforms include an additional annulus Stoneley mode, arriving as a last propagation event (1.8 < t < 2.5 ms). The amplitude of this mode is mainly affected by the thickness of the annulus fluid (see Figure 4a) , which is always significantly lower in amplitude than the Stoneley mode and is mostly excited at lower frequencies. The presence of a good casing-cement bond adds some additional damping to the measured signal.
Monopole, fast formation
The Stoneley modes exhibit abnormal dispersion; they become faster at lower frequencies as the effective borehole size decreases: The two extremes are delimited by the O1 and O2 cases (with theoretical slownesses at the lowfrequency limit equal to 253 and 229 μs∕ft, respectively, and 203 μs∕ft at the high-frequency limit -Scholte wave speed). In the presence of well-bonded casing (C), the Stoneley mode exhibits the highest slowness among all cased examples. The presence of an additional fluid annulus between the casing and the formation effectively increases the borehole size, which causes the Stoneley mode to be faster as the thickness of the fluid annulus increases. Dispersion of the Stoneley mode for the full FP case is nearly identical to the open-hole counterpart (O2) up to the Table 2 . Material properties assumed in the simulation of LWD sonic waveforms acquired in a steel-cased borehole: compressional and shear velocities and slownesses and density. Table 1 describes the configuration for the listed cases.
hp-FE simulation of LWD sonic waveforms D103 presence of the thin steel casing, which slightly shifts the dispersion curve to higher slownesses. One observes that the shift of the mode is related mainly to the thickness of the fluid annulus (compare B1/B3 and B2/B4 cases); the type of cement bond (to the formation or to the casing) has a minor effect on the waveforms, and it can be observed only in the midfrequency range. This behavior can also be observed in the waveforms, Figure 2a , where the arrivals of the Stoneley mode are indicated by the components with the largest amplitude. Additionally, we notice a decrease in amplitude as the thickness of the fluid annulus increases. Similarly, the amplitude decay is only slightly affected by the type of cement bond (see also Figure 4a ). Within the considered frequency bandwidth, only the first pseudo-Rayleigh mode is excited in all the cases, which dominates the high frequencies (see Figure 4a) . Regardless of the quality of the casing bond, the asymptote of this mode provides reliable estimation of the shear slowness of the formation. Such a behavior can also be observed in waveforms (Figure 2a) , which clearly indicates the arrival of the refracted S-wave. Because its cut-off frequency is directly related to the borehole fluid annulus, one observes a shift of the mode to higher frequencies in the presence of a well-bonded casing (compare the O2 and C cases). The presence of an additional fluid layer between the formation and casing shifts the pseudoRayleigh mode back to lower frequencies; however, the mode now exhibits much stronger dispersion: The differences are larger for the FP cases (FP, B4, and B3), while the presence of a good cementcasing bond "stabilizes" the dispersion curve.
The amplitude of the formation P-wave is much smaller; see Figure 2c . Only in the O2 case the P-wave arrival can be easily determined from the waveforms. When the effective borehole size decreases (O1 and C cases), the collar compressional mode is amplified, thereby perturbing the identification of the P-wave arrival. The presence of a poor-bonded casing changes the situation more dramatically: The excited highly oscillatory casing mode propagating with the speed of the steel plate dominates the Matuszyk and Torres-Verdín wavetrain at short times. The amplitude of this mode increases as the thickness of the fluid annulus increases. It is observed that the "ringing" tail of this mode masks the formation compressional mode, especially for very fast formations.
Monopole, slow formation
For noncased borehole (O1 and O2), the Stoneley mode exhibits abnormal dispersion due to the presence of the massive LWD collar inside the borehole, with the amount of dispersion increasing as the effective borehole size decreases. At low frequencies, the associated dispersion curve is shifted to higher slownesses (from the theoretical slowness at the low-frequency limit 265 μs∕ft if the tool is not present, to 381 μs∕ft for O1 and 310 μs∕ft for O2, respectively, and 290 μs∕ft at the high-frequency limit). The presence of the casing changes the Stoneley mode properties significantly; its dispersion is successively normal and abnormal, and it exhibits almost identical slowness at the low-frequency limit. At lower and higher frequencies, the mode is significantly faster than for noncased examples, which indicates that the Stoneley mode is controlled by the casing rather than by the formation. Therefore, its propagation speed can be larger than the shear velocity of the formation and, consequently, the Stoneley wave becomes a leaky mode. In the waveforms (Figure 2b ), this phenomenon is manifested by an earlier arrival of the Stoneley mode and its more dispersive character. In the presence of an external fluid annulus, one observes that at midfrequencies the slowness of the Stoneley mode approaches the slowness of the corresponding virgin formation Stoneley mode (O2); see Figure 3b . If the casing is well bonded to the formation (C), the Stoneley mode is even faster and nearly solely controlled by the composite steel-cement, both being faster than the formation. The size of the external fluid annulus slightly affects the dispersion of the mode and is most noticeable at midfrequencies.
Simulations for all cased examples indicate the presence of an additional pseudo-Rayleigh mode related to the casing and/or cement, which is excited at higher frequencies (compare to Schmitt, 1993) . This mode is most prominent for the wellbonded case (C) because its cut-off frequency is low enough (approximately 10 kHz) and it can significantly contribute to the waveforms (large "ringing" component overlaid on the Stoneley wavetrain; Figure 2b , curve C). For other, poorly bonded cases, the mode is shifted toward higher frequencies and its contribution is smaller but still noticeable.
The characteristics of the casing mode are analogous to the case with a fast formation. However, for a slow formation, the compressional mode arrives significantly later than the collar/ casing extensional mode and, therefore, in all the examples considered here it is easier to discern than in cases of faster formations (see Figure 2d ).
Quadrupole, fast formation
Figure 5 shows waveforms excited with a 2, 4, 6, and 8 kHz quadrupole source and simulated for a fast formation and different LWD logging conditions. Figure 6a shows the corresponding dispersion curves. Within the investigated range of frequencies and for all cases considered, the two screw modes are excited: the fundamental (Sc1) and the second screw mode (Sc2). The dispersion curve corresponding to the fundamental quadrupole mode, unlike the flexural counterpart, displays no smooth asymptotic behavior at the low-frequency limit but theoretically falls off sharply in amplitude as it reaches the shear velocity of the formation. The numerical effect is such that the curve often falls below the formation shear velocity and, consequently, makes it difficult to estimate the formation shear slowness. However, higher order screw modes excited in fast formations display the desired asymptotic behavior and, therefore, enable a more reliable assessment of the formation shear velocity.
At 2 kHz excitation (below the cut-off frequency of the fundamental screw mode), waveforms include the S-wave and the screw 0 0.5 1 1.5 2 2.5 3 Time (ms) hp-FE simulation of LWD sonic waveforms D105 mode contribution is minor. For all poorly bonded cases, an additional slow annulus screw mode is excited, arriving as the last mode. However, contrary to the monopole case, the amplitude of this mode is significantly larger than that of the shear mode, and it increases as the thickness of the exterior fluid annulus increases. The waveform is dominated by the screw wavetrain preceded by the weaker S-wave as the central frequency of the source increases beyond the cut-off frequency of the fundamental screw mode. Additionally, for all poorly bonded cases, each wavetrain is terminated with the annulus mode; however, the contribution of the latter mode decreases as the central frequency increases (see Figures 7a and  8a) . The presence of the exterior fluid annulus causes a decrease in the amplitude of the waveforms, which is predominately controlled by the annulus thickness. The good casing-cement bond adds some additional damping to the measured signal. Dispersion characteristics of the fundamental screw mode are very similar in all the cases considered here. The presence of the casing slightly shifts the dispersion curve toward lower frequencies.
The presence of a cement layer (slower than the formation) modifies the dispersion at the midfrequencies: the larger the thickness of cement, the slower the flexural mode. In cases C, B1, and B3, the phase slowness of the flexural mode around 15 kHz is even larger than the Scholte wave speed and, therefore, for these cases, the fundamental screw mode exhibits normal and then a slightly reversed dispersion. The second-order screw mode behaves analogously to the first pseudo-Rayleigh mode for the case of monopole excitation.
Contrary to the monopole case, the collar mode is not excited at lower frequencies, thereby enabling the assessment of the formation compressional slowness provided that the source center frequency is low enough. On the other hand, the formation compressional mode is very week, and its amplitude is larger when excited at higher frequencies; however, it exhibits large coherence and can be reliably extracted with slowness-time-coherence (STC) processing regardless of the quality of the casing bond. Therefore, reliable assessment of the formation P-wave slowness needs a careful choice of the central frequency excited by the source. Quadrupole, slow formation Figure 9 shows waveforms excited with a 2, 4, 6, and 8 kHz quadrupole source simulated for a slow formation at different LWD logging conditions. Figure 6b shows the corresponding dispersion curves. In this case, only one (fundamental) screw mode is excited by the source. For the well-bonded case (C), the mode is entirely controlled by the cement and casing, both faster than the formation; the effect of the formation is secondary. We observe the earliest arrival of the screw mode in waveforms. The poorly bonded casing weakens this effect at low and midfrequencies; however, it does not eliminate it completely. The arrival of the screw mode becomes noticeably delayed than in the well-bonded case, but it is still faster than the shear speed of the formation. Unlike for the case of a fast formation, the screw mode is entirely controlled by cement and casing at high frequencies, regardless of the quality of casing bond. Similar to the fast formation case, a relatively slow annulus mode is excited, which significantly contributes to waveforms and completely dominates them at low frequencies. This effect is much more prominent for the slow than for the fast formation (compare Figure 7a and 7b) .
For the case under consideration, the formation compressional mode is relatively stronger (in comparison to the fast formation). Unfortunately, the collar mode also exhibits larger amplitudes: Above its cut-off frequency, it dominates the formation compressional mode and thus prevents the reliable assessment of the formation P-wave slowness when logging at higher central frequencies. Nevertheless, when the center frequency of the source is lower (but not too low) and the collar mode is not excited, the formation Table 1 describes the configuration assumed for the listed cases.
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Modeling of the internal structure of an LWD tool
In the second example, we investigate the influence of grooves cut on the internal and external surfaces of an LWD tool to reduce the undesired collar compressional mode. The presence of the natural 2-3-kHz-width stop band at midfrequencies (10-20 kHz) for the LWD collar (depending on its elastic properties and inner and outer diameter) does not solve the problem. Solutions that are customarily used for wireline tools (slotted housings, stacked cylindrical sections connected by dashpotlike joints, or flexible rubber-steel joints, etc., which effectively make the acoustic path along the tool more tortuous) are not practical due to the large strength constraint. Instead, one can either cut periodical grooves on the drill pipe, attach inertial masses along the pipe, or drill periodical cavities filled with a material exhibiting contrasting mechanical properties in comparison to the collar material. In all cases, such a structure works as a mechanical filter whose properties depend on the effective discontinuous changes in the acoustic impedance along the isolator, resonant frequencies of the cavities, and its length. Additional suppression of collar waves can be achieved with isolation mounting of transmitter and receivers from the steel collar.
The design of optimal locations and geometric properties of the grooves requires numerous numerical simulations involving 2D or 3D models. Modeling of the grooves introduces additional difficulties because the acoustic field is much more complicated due to the presence of sharp corners and cavities, which furthermore gives rise to resonances, interferences, and singularities in the solution. Therefore, it is important to reliably model the internal structure of the collar and the simulation method should address all the aforementioned difficulties.
In what follows, we analyze the effect of attenuation induced by the presence of tool grooves on sonic waveforms (and their spectra) acquired in a fast formation and excited by a monopole source (Ricker wavelet at 13 kHz). We assume the same steel mandrel as in the previous example; however, to investigate groove-induced attenuation, we have to consider collar material without viscoelastic attenuation; namely, we set Q P ¼ ∞ and Q S ¼ ∞. Table 2 describes the assumed mechanical properties of a fast formation, borehole fluid, and a mandrel. The borehole radius is equal to 10.2 cm. On the collar, we cut 10 internal (1.5-cm depth) and 10 external grooves (2-cm depth) with equal lengths and uniform spacing between the grooves. Figure 11 displays the assumed geometric configuration of an LWD tool without and with grooves.
We use the semianalytical approach that Tang and Cheng (2004) describe to determine collar modes propagating in an LWD tool. The LWD collar is assumed to be an infinite hollow steel cylinder, and stress-free boundary conditions are imposed at the inner and outer collar surfaces. Within the simulated range of frequencies, two collar modes are excited by the source; we plot them in Figure 12 . The location of the back-propagating mode is indicated by the negative slope of the frequency dispersion curve related to the second collar mode. We observe that the back-propagating mode exists in the narrow frequency band from 17 to 17.25 kHz, and we conclude that it can affect only a few discrete frequency components contained within this frequency range.
First, we simulate a simplified model in which we replace an elastic formation with an acoustic fluid having the same parameters as the borehole fluid. Simulation results are described in Figure 13 . In the right panels, we plot the excited mode amplitudes versus frequency, and in the right panels, we show waveforms simulated at the first receiver. Solid and dashed lines identify the cases with grooves and without grooves, respectively. To shed insight to the problem, we plot the results calculated at different radial distances: In the top row, we show results obtained in the fluid (acoustic pressure) acquired 1 mm apart from the outside surface of the collar, and both bottom rows show results obtained for the collar (hydrostatic stress) acquired 1 and 3 cm apart from the outside surface of the collar, respectively. Three modes are excited by a monopole source: the surface Stoneley mode and two collar modes. The strongest mode is the Stoneley mode when we measure the acoustic pressure outside the collar (Figure 13a and 13b) . The presence of external grooves influences the Stoneley mode by amplitude amplification at lower frequencies and amplitude attenuation at higher frequencies. Additionally, sharp decays in the Stoneley-mode amplitude can be observed, which are related to groove-induced notches. The first collar mode has two maxima separated by the minimum related to the natural collar stop band (approximately 13 kHz). In the presence of grooves, this mode is more attenuated at lower and higher frequencies; however, it exhibits larger amplitude at approximately 15 kHz. The second collar mode exhibits its maximum amplitude close to its cut-off frequency. In the presence of grooves, this mode is significantly reduced in amplitude. Such behavior is also visible in the waveforms. We observe much lower amplitude of the wavetrain related to the collar mode and much lower content of high frequencies. It indicates that grooves eliminated the second (high-frequency) collar mode and attenuated the first collar mode. Inspection of the plots related to different radial distances provides interesting insight into how the location of the receivers influences the measurements. The deeper the receiver is located into the collar, the larger content of collar modes at the expense of the Stoneley mode. We observe that the amplitude of the fist collar mode changes slightly across the collar thickness; however, the second collar mode becomes stronger with an increase in radial distance. Figure 11 . Geometric configurations assumed for modeling sonic logging measurements in the presence of an LWD tool: (a) without grooves and (b) with 10 internal and 10 external grooves. Each internal (external) groove has a depth equal to 1.5 cm (2 cm). The axial length of each groove as well as distance between groves is equal to 8.5 cm. Figure 12 . Two modes excited in the LWD collar, the geometry of which is described in Figure 11a and the mechanical properties are given in Table 2 . The frequency band, in which the back-propagating mode is present, is indicated by the gray-shaded area. Figure 14f shows analogous results obtained in the presence of a fast formation. In this case, the acoustic energy is guided by the borehole in the axial direction, whereby the content of borehole-formation modes (Stoneley and pseudo-Rayleigh) is dominant. Regardless of the radial location of the receiver, the Stoneley mode dominates at lower frequencies, and the pseudoRayleigh mode has a significant contribution at higher frequencies. Similarly to the previous case, the presence of external Figure 13 . Amplitudes of modes (to the left) and waveforms (to the right) excited in an LWD collar and surrounding fluid. (a) Acoustic pressure measured at r ¼ R out þ 1 mm and hydrostatic stress measured at (b) r ¼ R out − 1 mm and (c) r ¼ R out − 3 cm; R out is the outer radius of an LWD collar; P T , P F , and S F identify the theoretical arrival times of P-waves in the collar and the formation, and S-wave in the formation, respectively. Solid and dashed lines indicate cases without and with grooves, respectively. grooves perturbs and attenuates the borehole modes, as well as attenuates both collar modes. However, the attenuation effect is less uniform and, at some frequencies, the first collar mode even exhibits larger amplitudes than in the absence of grooves. This behavior indicates that the simulated grooves are not optimal. Probably, more complicated geometries are needed in the collar Figure 14 . Amplitudes of modes (to the left) and waveforms (to the right) excited in a borehole surrounded by a fast formation in the presence of an LWD tool. (a) Acoustic pressure measured at r ¼ R out þ 1 mm and hydrostatic stress measured at (b) r ¼ R out − 1 mm and (c) r ¼ R out − 3 cm; R out is the outer radius of an LWD collar; P T , P F , and S F identify the arrival times of P-waves in the collar and the formation and the S-wave in the formation, respectively. Solid and dashed lines identify cases without and with grooves, respectively.
LWD
hp-FE simulation of LWD sonic waveforms D111 design to attain the required level and uniformity of attenuation of collar modes.
CONCLUSIONS
The presence of a steel casing and the quality of the casing/ formation bond have a great impact on LWD sonic waveforms and can significantly modify excited propagation modes in the borehole. Reliable numerical modeling of sonic waveforms requires taking into account the complex geometry of the borehole environment, including the LWD collar, casing, and the quality of the casing/formation bond. The effect of the steel casing is much more prominent (and destructive) for slow than for fast formations. For fast formations, it is still possible to estimate the formation shear slowness using monopole and quadrupole excitation regardless of the quality of the cement bond. The presence of a poorly bonded casing makes it difficult or even prevents the estimation of formation compressional slowness due to the excitation of a highly oscillatory "ringing" pipe mode. This effect is more prominent for very fast formations but is usually not detrimental in the case of slow formations. The presence of a fluid annulus between the casing and the formation (in the case of poorly bonded casing) gives rise to excitation of a strong dispersive annulus mode, which propagates with low velocity and noticeably contributes to the sonic waveforms. The amplitude of this latter mode increases with an increase of fluid annulus thickness, and its spectrum can be dominant at low frequencies, thereby preventing the estimation of quadrupole shear slowness in slow formations. The reliable assessment of compressional velocity with quadrupole excitation needs a careful choice of the source frequency band -the central frequency should be low enough to avoid excitation of the collar mode.
In contrast to other simulation cases, monopole excitation in the presence of an LWD collar introduces a new difficulty to any numerical method employing the PML technique as an absorbing layer. Back-propagating modes, which inevitably emerge from the cylindrical collar at midfrequencies, introduce numerical instability in the PML layer at a specific narrow frequency band. Reliable modeling of sonic waveforms acquired with LWD tools requires proper consideration of this often-overlooked problem. We circumvent such difficulty with the introduction of artificial viscoelastic attenuation in the collar material, which does not affect the simulation of propagation modes in formations surrounding the borehole. Obviously, this method cannot be applied when simulating the effect of tool isolators on the excited collar and formation modes. However, one can readily predict the frequency location of collar back-propagating modes using simple semianalytical methods and then carefully interpret (or even omit) the results obtained at discrete frequencies falling into that band, which is usually very narrow. With that restriction, the simulation method is still capable of delivering high-quality results for use in the optimal design of collar grooves.
The combination of the automatic hp-adaptive FEM with the PML technique establishes a very efficient framework for simulating borehole sonic waveforms. The simulation method introduced in this paper is capable of solving problems with high contrasts in material properties and complex geometries. Furthermore, the applied frequency-domain approach enables careful control of the error in the solution for particular frequency components, simplifies the implementation, enables easy parallelization, and is suitable for modeling different types of acoustic sources (in the time and space domains). It provides the results across all the frequencies with uniform quality. This method also facilitates the elimination of discrete frequencies when encountering instabilities in the PML layer.
